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Introduction

Technological Context
Plasma spraying is a technology used to produce thick coatings from feedstock powder materials. The quality of plasma-sprayed coatings depends on up to 50 different process parameters (Ref 1), which mainly relate to the characteristics of the powder, powder injection, plasma gun, plasma flame, and substrate. For theoretical, practical, and economic reasons (e.g., parameter interdependence, time requirements, etc.), it is only possible to control some of those parameters. A maximum of 8 to 12 parameters can actually be controlled in order to obtain the desired coating structure and in-service properties (Ref 2) . However, the targeted coating characteristics cannot always be achieved due to the large number of process parameters combinations. Auxiliary systems can be used to uncouple some interrelated effects and allow for new degrees of freedom in the process control. For instance, laser treatments can be applied to improve specific coating properties at different stages of the thermal spraying process.
Thermal spray processes begin with surface preparation to ensure adequate coating/substrate adhesion. Conventionally, substrates are prepared using a two-step treatment: cleaning (degreasing) and roughening. In order to remove the organic substances present on the as-machined surfaces, the degreasing step uses solvents or chemicals which are potentially harmful for the operator and the environment. The roughening of the surface aims to improve the mechanical anchoring of the impinging particles which build up the coating. The most extended surface roughening technique is grit blasting. It produces large plastic deformations throughout the surface and induces microstructural changes in the immediate subsurface, which result in compressive residual stresses. Fatigue resistance is expected to increase as a result of the stress level in the subsurface region, fact that has been corroborated for materials such as pure titanium (Ref 3) or 316LVM stainless steel (Ref 4) . However, the opposite trend has also been observed for other materials such as binary titanium alloys, whose fatigue limit has been reported to decrease by up to 40% after grit blasting (Ref 5, 6) . Another drawback of this method is that grit particles usually get entrapped on the substrate and subsequently compromise the coating performance. This effect is particularly important in the case of ductile substrates, which are likely to suffer a surface and subsurface embrittlement due to grit particles acting as tension concentrators. Last but not least, the use of sand or corundum (materials normally used as grit) has been linked with serious diseases such as silicosis, aluminosis, lung scarring, pneumoconiosis, or emphysema ( Ref 7) . For all these reasons, the viability of alternative techniques such as water/water-air jet (Ref 8) , dry ice blasting (Ref 9) , or laser ( Ref 10) has been studied over the last decade. Among all options, laser is the only treatment which can be integrated with the thermal spray process allowing for a one-step coating process (combining surface preparation and coating deposition). Lasers also offer a better environmental option than conventional treatments. Reduced production time, surface activation, small thermal alteration and negligible residual deformation of the bulk material, and limited surface contamination, account among other advantages of laser hybrid options (Ref 11) . In addition, laser treatments can be used for substrate preheating (Ref 12) before thermal spraying or to improve the coating properties (adhesion, density, etc.) afterward (Ref 13, 14) . For instance, lasers can be used for surface alloying, which results in different compositions and microstructural changes of the coating/substrate interface. Fine homogeneous microstructures, high-solid solubility and formation of nonequilibrium and amorphous phases have also been reported ( Ref 15, 16) . However, the full potential of lasers in the field of thermal spraying still has to be explored.
Environmental Context
Over the last decades, the protection of the environment has become a main concern for most of the developed countries (Ref 17) . For instance, the EU waste management strategies strongly regulate the disposal of chemicals since 2006 (Ref 18). The substitution of conventional wet deposition processes, which involve chemicals and potentially hazardous effluents, by alternative dry processes (such as thermal spraying or laser cladding) has been therefore encouraged in surface finishing. These recent environmental regulations on processes, materials and products are triggering new technology developments that, together with cost competition, will probably force significant changes in the near future. In this context, the implementation of new laser technologies is likely to increase.
A good example of this trend is the substitution of the electrodeposition process used for the production of hard chromium coatings (Ref 19 [32] [33] [34] . First LCA studies on laser processes are even more recent. A comparative study (to be published) carried out at LERMPS (Belfort, France) shows that laser pretreatments (texturing and ablation) have no significant environmental impact, unlike traditional surface preparation methods (degreasing and grit blasting). Laser cladding and in situ laser remelting after plasma spraying were also demonstrated to be clean technologies (Ref 35, 36) . The reduced environmental footprint of laser processes highlights their potential to become the ''best available technology'' in the dry deposition field. Next sections will describe the laser interaction with matter and present specific laser applications for the field of thermal spray technologies.
Laser Interaction with Matter
Lasers can produce an intense monochromatic beam of coherent electromagnetic radiation of any frequency (visible, infrared (IR), ultraviolet (UV), x-ray, etc.), whose amplitude can be continuous (continuous wave mode, CW) or pulsed (pulsed wave mode, PW) with respect to time. CW lasers cover the spectral range from 365 to 1000 nm with output powers greater than 100 W ( Ref 37, 38) . Pulsed lasers cover a larger part of the electromagnetic spectrum and are advantageous for some applications as higher peak powers can be achieved: the shorter the pulse, the higher the output peak power for the same average power (Ref 37, 39, 40 Figure 1 shows a selection of laser machining treatments and their effects on metallic substrates as a function of the power density and interaction time (Ref 43) .
In the particular case of laser ablation of metals (i.e., materials with free electrons), the laser wavelength and the pulse time duration were pointed out as the key parameters of the ablation mechanism (Ref 48). Principally, the ablation results either from the thermal effect due to IR low-energy photons or from the photonic effect due to UV high-energy photons. Laser surface cleaning and laser ablation imply the removal of contaminants (oxides, oils, etc.) or matter, respectively, by a transition from their solid state to dispersed phases. Usually, evaporation takes place when the vapor pressure of the liquid phase exceeds the surrounding pressure (Ref 49) . For high-thermal inputs, however, the solid-liquid and liquid-gas transitions are not clearly defined. In fact, these transitions can be achieved simultaneously by rapid heating of a solid to a temperature over its boiling point.
Considering low-energy photons, laser ablation of conductive materials results from three sequential effects (Ref 44) , namely laser beam absorption, thermalization, and heat transfer. The former is caused by electrostatic interaction between the magnetic field caused by the radiation and the valence electrons of the material. Depending on the energy of the photons (i.e., the beam wavelength), the absorbed intensity varies with the depth following the Beer-Lambert relationship. Some of the parameters that significantly influence the radiation absorption are the skin depth, the surface temperature, the angle of incidence of the laser beam, and the substrate surface topography. Among those, the key parameter is the skin depth that is the depth at which the intensity amplitude decays by a factor of 0.37 (i.e., 1/e). The skin depth (d) depends on the laser wavelength k (m) and the material extinction dimensionless coefficient j that is the imaginary part of the complex index of refraction (n) (Ref 50) following the next equation: The radiation absorption in the bulk is then converted into heat via different types of collisions (photon-electron, electron-electron, or electron-phonon). The thermalization process takes place when this heat input rises the energy of the valence electrons that start to vibrate. These collisions and vibrations quickly increase the temperature of a layer of thickness equal to the heat penetration depth (d):
where D is the material thermal diffusivity (m
/s) and t is the diffusion time (s) (Ref 52).
Heat transfer is dominated by the heat conduction and thus, it is proportional to the temperature gradient. The short duration of laser pulses (10 À13 -10 À10 s) during ablation prevent heat conduction into the substrate and therefore this treatment does not produce significant heat-affected zones in the bulk material (Ref 53) . This causes an extremely fast increase of thermal energy in the skin depth, so that melting and vaporization of the material take place, followed by ionization and formation of a dense plasma (Ref 54) . The rapid expansion of this plasma is usually described by the equations of continuity, momentum, and energy conservation (Ref 55) . This expansion and the associated pressure drop generate uniaxial compression stresses in the direction of the shock wave from which tensile stresses parallel to the surface are generated (Ref 56) . Laser texturing is a treatment in which the energy of the laser beam is concentrated in a small spot. The laser beam interaction with matter, in this case, can be described by a cyclic process determined by the pulse frequency. The cycle starts when the laser impact induces the melting of a thin layer of material which is subsequently vaporized (Ref 57) . The vapor plume formed induces a recoil pressure on the molten material, which is expelled toward the edges of the impact (Ref 58) . Most of the melted material returns to its original place after the pulse, forming a melt pool (Ref 59), however, some material can be expelled and form a ring of recast material surrounding the textured cavities (Ref 60) (Fig. 2) . It is important to clarify that the melt pools are only formed when IR ns-to-ms pulsed lasers are used; they do not form if UV or IR ultrashort pulsed lasers are used. It must also be highlighted that the amount of energy absorbed by the material depends on its thermal diffusivity and the laser beam pulse duration, which in turn depends on the laser frequency and energy (Ref 52) . A low-thermal diffusivity means that the energy is absorbed by the surface of the material, resulting in surface melting and vaporization, while the bulk remains cold and therefore unaffected (Ref 60).
Selected Cases of Integrated Laser
Surface Treatments
Laser-Integrated Pretreatments
Coating adhesion is the most important in-service coating property, which in most cases is achieved by the mechanical anchoring of the coating onto a roughened substrate surface. Therefore, substrate preparation is required to provide suitable surface conditions for coating anchoring. The most commonly used pretreatment before thermal spraying consists of surface degreasing using solvents followed by grit blasting with a-alumina white corundum. However, this two-step method is time consuming, not environmentally friendly and has other potential drawbacks, as previously described.
Alternative pretreatments have been studied by several research groups. Denoirjean et al. (Ref 61, 62) demonstrated that ceramic (Al 2 O 3 ) coatings deposited onto lowcarbon steel substrates previously oxidized up to 300°C under a CO 2 atmosphere significantly improved the coating tensile adhesion. These improvements are related to the growth of a Wü stite (FeO) layer on top of the metallic Journal of Thermal Spray Technology substrates during the oxidizing step, which leads to epitaxial solidification of the alumina lamellae. However, this approach cannot easily be applied for industrial process due to the relatively high temperature required, which can lead to metallurgical modifications of the metallic substrates. Water jet, carbonic gas, and laser were also studied as potential alternative surface preparation methods (Ref 52, 63) . However, laser processes are the only ones that can be applied to water-sensitive materials. Among laser pretreatments, ablation of the substrate (a few milliseconds before it is impacted by sprayed particles) proved to achieve similar tensile adhesion values to those obtained after conventional surface preparation (Ref 64). 3.1.1 Ablation: Case Study of Aluminum and Titanium Alloys. The main parameters influencing the ablation are the pulse duration, the beam energy, and the surface absorptivity for a given wavelength. For any given material, the laser-matter interaction leads to different local effects at the outer surface (Ref [64] [65] [66] , like the generation of craters where chemical inclusions or geometric defects (scratches, etc.) are located on the surface. For energy densities ranging between the ablation threshold (which permits to clean the surface from contaminants, oils, dust, etc.) and the surface melting point, the crater density increases with the energy density, resulting in an increased average surface roughness. For higher energy densities, a smoothing effect takes place due to the flow of molten matter toward the periphery of the craters (Fig. 3) . Another possible effect consists in the growth of an oxide layer on the ablated metallic surface, as a result of the increased surface temperature after irradiation (Fig. 4) . The thickness of this oxide layer depends on the laser parameters and material, and it can be as thin as a few nanometers (Ref 66) .
Ablating the substrate surface just before the particle impingements also leads to desorption of contaminants and as a result to lamellae with lower splashing (Fig. 5 ) (Ref 67) . This allows better particles/substrate contact which results in improved interfacial adhesion.
The adhesion mechanism is ruled by different phenomena depending on the surface pretreatment. The surface roughness induced after degreasing and grit blasting (conventional pretreatment) promotes the mechanical anchoring of molten particles (Ref 68), whereas it is the low roughness (<1 lm) and presence of an oxide layer (depending on the type of material) that enable the physico-chemical bonding between both materials after laser ablation ( In some cases, like the ablation of aluminum AISI 2017, no oxygen can be detected at the interface although a native oxide layer was clearly observed on the as-received substrates (Fig. 7) . Interactions between particles and substrate can be promoted in order to improve the interfacial adhesion as shown in Table 2 , whichever the spraying process or material type.
3.1.2 Preheating: Case Study of Aluminum and Titanium Alloys. The quality of thermally sprayed coatings is strongly dependent on the flattening dynamics of the impinging particles that build-up on the deposit. This in turn depends on many factors such as the substrate surface (type of material, temperature, surface topography, and presence of contaminants) and the characteristics of the impinging sprayed particles (temperature, velocity, diameter, oxidation, etc.) (Ref 70) . Substrate temperature strongly influences the coating microstructure due to its effect on particles/substrate interactions, and it is also related to the thermal desorption of surface adsorbates/ condensates resulting in a better coating/substrate adhesion and a better cohesion of the coating (Ref 71-73) . However, temperature must be controlled to avoid macroscopic residual stresses during the cooling process.
Preheating of the substrates can be done in a furnace or in situ using the thermal spray gun (plasma, flame, etc.), but intensive oxidation of the surface and distortions of the material can occur due to the large area of the jet and the treatment duration. This is why laser technology is a promising alternative process for this application. Indeed, using optical fibers, a local simultaneous treatment can be implemented to limit the heated area to the one impinged by plasma-sprayed particles, thus preventing undesired surface modifications in the surrounding areas ( Fig. 8 Hybrid plasma laser deposition manufacturing (PLDM), also called laser-plasma hybrid spraying system (LPHS) or in situ laser remelting, is a new technique that combines a thermal spray gun and a laser to improve the coating properties. This technique was used combining a lowpressure plasma spray with a high-power CW CO 2 laser irradiation, allowing the production of high-performance tribo-materials with good adhesion and scarce microporosity (Ref 81, 82 ). In ceramic materials (i.e., materials without free electrons) the far-IR radiation is the better absorbed and therefore, the CO 2 laser seems the most suitable choice to treat them. However, CO 2 lasers are expensive, require complicate maintenance procedures and its radiation cannot be conducted by optical fibers, contrary to the Nd:YAG laser radiation (near-IR radiation). Therefore, YAG and diode lasers are preferred for industrial applications. Hybrid spraying using a YAG fiber laser combined with plasma spraying has often been applied to ceramic layers such as thermal barrier coatings (TBCs), in order to improve some of their properties. For instance, thermal diffusivity, thermal shock resistance, hardness, high-temperature erosion resistance, and hot oxidation resistance in hot sandy environments were improved by the formation of denser coatings (Ref 82-85) . The bonding strength between particles was greatly increased and the interconnected porosity and cracks were prevented (Ref 86) . Good interface between the coating and the substrate, and smooth coating surfaces were also obtained (Ref 85) . Although similar results were found using diode lasers, the presence of cracks and delamination due to rapid solidification following the laser treatment, presented a risk of rapid degradation by thermal fatigue (Ref 87) .
Since metals reflect most of the laser energy, the diode laser (k = 0.848 lm) is a better choice to treat metallic alloys than the CO 2 laser (k = 10.6 lm) or the Nd:YAG laser (k = 1.06 lm). Ni-based layers resulting from in situ laser remelting using a diode laser present dendritic and dense structures (Fig. 11 ) with enhanced mechanical properties compared with those of lamellar structures resulting from thermal spray (Ref 88, 89) . The coating adhesion is also improved as it is metallurgically bonded to the substrate. It presents finer structures without modifying the phase content of the layer (Ref 36). In situ laser remelting reduces also the cooling stresses due to the low level of laser energy required. In addition, this hybrid technique improves the wear and corrosion resistance of the coatings. For instance, the results from the wear tests carried out on NiCrBSi coatings showed that the adhesive wear mechanism was caused by oxidation in the case of the laser remelted hybrid layer and by surface fatigue for the as-sprayed layer (Ref 88) . Corrosion potentials of as-sprayed coatings were found to be approximately 150 mV lower than the one of remelted coatings (Ref 90) . Different corrosion mechanisms take place in both coatings, even if the feedstock material is the same. The lower corrosion resistance observed in as-sprayed coatings is caused by a greater porosity and higher concentration of defects, which allow the electrolyte to reach the substrate surface. This accelerates the formation of a galvanic couple between coating and substrate, accelerating the dissolution rate of the substrate. Iron oxides produced from the substrate corrosion travel through the defects toward the outer surface, modifying the composition of the layer. On the contrary, the substrate surface of in situ remelted samples is not reached, because of a higher density. As an example, Table 3 shows some of the properties of metallic alloy coatings treated by laser remelting hybrid technique. [94] [95] [96] [97] , it is a novel pretreatment process for thermal spray applications. The potential of this technique lies in the wide range of materials that can be treated (including ductile materials), the reduction of the heat-affected area and the low deformations induced within thin substrates. These characteristics make LST pretreatments suitable to produce surfaces free of grit-particle inclusions, what directly improves the quality of thermal-sprayed coatings.
LST is a laser engraving technique which involves the construction of geometric patterns, as for example shallow spot-shape cavities at quasi-regular intervals or crossed thin grooves (Fig. 12) (Ref 98) . The desired pattern can be obtained either by scanning the laser along a defined path (maintaining the focal distance and modulating the pulses to vaporize the material at desired locations) or by irradiating the substrate through a mask. Although texturing can be done using a single high-energy pulse, it was demonstrated that higher quality textures can be achieved using multiple low-energy laser pulses (Ref 57) . The quality of texturing depends on the characteristics of the laser beam (e.g., wavelength, pulse duration, spot diameter, pulse frequency, and defocusing distance), the scanner characteristics (e.g., speed of scanning and resolution), the physical characteristics of the substrate (e.g., absorption coefficient, thermal conductivity, surface condition, and vaporization temperature), and other characteristics related to the environment (Ref 60, 99, 100) . Therefore, it can be said that the quality of the textures highly depends on the laser-matter interaction. An inadequate set of process parameters for a specific material can cause the melting of the surrounding areas of the textured patterns, followed by rapid resolidification and thermal cracking. It can also result in undesired vapor blast ejection of melted material (spatter) throughout the entire surface (Ref 59, 101) . In addition, processing difficulties can be inherent to the material. For instance, aluminum laser processing is complex due to its high reflectivity to light, its highthermal conductivity and the high-melting and boiling point of the alumina pacifying layer (formed by selfextinguishing oxidation reaction) (Ref 102) .
Research has been conducted to determine the effects of diverse laser parameters on a number of texture features (including cavity dimensions, amount of recast Suitable type of laser and adequate setting of processing parameters are necessary in order to tailor textures to the requirements of different applications (Ref 113) . For instance, the adhesion of thermal-sprayed coatings on textured substrates is highly influenced by the pattern geometry and ''additional'' surface roughness (spatter and recast material), because both of them modify the surface contact area of the substrate (Ref 110) . Particularly, the optimal cavities dimensions (i.e., diameter and depth) must be adapted depending on the sprayed powder average size (d 0.5 ) to allow a good coating filling (Fig. 13) . Adhesion of Ni-Al coatings on textured aluminum AISI 2017 was qualitatively assessed by interface indentation. Toughness values (and therefore adhesion) were found to slightly decrease with decreasing laser power (from 6.5 MPa m À1/2 at 17.3 W to 4 MPa m À1/2 at 10 W), but in all cases they remain higher than those reported for conventionally pretreated surfaces (3.5 MPa m 
Laser Posttreatments: Densification of PEEK Coating on 304L Substrate
Various coatings materials (metals, polymers, ceramics, and composites) have been studied to enhance the Organic polymeric coatings have gained increasing importance within the thermal spray research community. Organic materials are the most widely used to coat metallic substrates because they provide protection against corrosion and wear. Performance of coated metals depends on the metallic substrate, coating characteristics (polymer composition, integrity and thickness), interfacial adhesion, and environmental conditions. Among the most studied organics polymers for coating deposition are polytetrafluoroethylene (PTFE), polypyrrole (PPy), polyaniline (PANI), polyimide (PI), polyetheretherketone (PEEK), polyvinyl acetate (PVA), and polyvinyl chloride (PVC), since they can easily be processed and present adequate properties. Particularly, PEEK coatings are extensively used to enhance the in-service properties of various metallic substrates for different industrial applications.
PEEK is a semicrystalline thermoplastic material with excellent tribological properties, good chemical and wear resistance, good thermal stability, good mechanical properties, and low-frictional properties . These properties and the low levels of removable ionic species that are inherent to pure PEEK, make this polymer suitable for different applications in analytical, semiconductors, medical, and food industries. In addition, these properties are retained at temperatures as high as 315°C (Ref 142, 143) , what increases its value as feedstock material for coating applications.
Polymer powder deposition can be done using several techniques such as electrophoresis, thermal spraying, and printing ( Ref 68, [144] [145] [146] [147] [148] . Flame spraying is the most widely used process to deposit polymeric powders onto metallic substrates, due to its reduced heating temperature and low-operating cost compared to other thermal spray processes (Ref 149-154) . Unfortunately, as-sprayed organic polymers coatings present low-mechanical properties due to their high porosity and low adhesion to metallic substrates (Fig. 14) . To avoid this, different postspraying heat treatments have been studied by several authors (Ref 14, 149, 155, 156) .
Densification of polymeric coatings onto metallic substrates is conventionally performed using flame, oven, and microwave techniques (Ref 144, 145, 147) . The viability of lasers for this application is still unclear due to the varying absorption coefficients of polymers for different laser wavelengths. Absorption occurs if the frequency of the incident photons corresponds to the frequency associated with the transition energy of irradiated molecules ( Ref 14, 149, [155] [156] [157] [158] . Part of the absorbed energy is transformed into thermal energy, which leads to coating melting. The exceeding energy is partially absorbed (heating the substrate) and partially reflected by the metallic substrate/ polymer coating interface. Densification of polymers coatings on metallic substrates is usually caused by both transmitted and reflected laser beam radiation. Figure 15 shows the schematics of as-sprayed and laser posttreated coatings.
The advantages of laser densification over the conventional densification techniques (furnace) are the shorter treatment time and the fast response of the Coating remelting and morphology modification require deep penetration of laser radiation, which is achieved by long laser treatments in CW mode, whereas coating smoothing or glazing is obtained by short laser treatments in pulsed mode. Current research in laser densification focuses on optimizing the main laser operating parameters of three types of lasers: Nd:YAG laser, CO 2 laser, and diode laser. Studies on densification of polymers coatings (Ref 13, 149, 156) have shown that with CO 2 laser, the incident laser beam is easily absorbed by polymers, whereas most of them are transparent at the wavelength of Nd:YAG laser. Diode laser beam radiation is less absorbed by most organic polymers, leading to a greater heating of the coating/substrate interface which results in improved adhesion.
For instance, PEEK response to different laser beam radiations depends on the type of laser used, which is due to PEEKÕs laser-dependant transmission factor: 50% for Nd:YAG laser, 10% for CO 2 laser, and 80% for diode laser (Ref 13, 149) . Figure 16 shows the microstructure of PEEK coatings after densification using these three types of lasers.
Densification posttreatment using Nd:YAG lasers with a reduced interaction time and a high-power density can be used to improve adhesion and compactness of PEEK coatings. Similar results (Fig. 16a) can be achieved at lower power densities by reducing the operating speed, while the energy per unit area remains relatively high (~21 J/mm 2 ). The polymeric coating presents a vitreous structure, which indicate slight polymer overheating (phase transformation from crystalline to amorphous). Decreasing the treatment velocity (i.e., incrementing interaction time) excessively can result in sample overheating and coating degradation by polymer vaporization (Fig. 16b) . Figure 16(c) shows the microstructure of a PEEK coating densified using a CO 2 laser at a relatively low energy per unit area (7.10 J/mm 2 ). It can be seen that a good polymer melting was obtained due to the highabsorption coefficient of PEEK for this type of laser beam, yet the coating adhesion to the metallic substrate is not satisfactory (porosity remains at the interface). Similarly to what happens with the Nd:YAG laser, an inadequate set of laser parameters (e.g., slower operating speed and higher laser power, i.e., moderate laser energy per unit area: 19 J/mm 2 ) can lead to overheating of the coating which can result in surface degradation such as polymer vaporization and substantial reduction of thickness (Fig. 16d) . It has to be said that coating densification using CO 2 and Nd:YAG lasers requires the setting of a large defocusing distance, and consequently larger laser spot diameter, both correlated with moderate laser powers in order to avoid thermal degradation of the polymer. A considerable improvement of the PEEK coating (densitywise) can be noticed after densification by diode laser treatment (Fig. 16e) with no changes in polymer crystallinity. Finally, diode laser densification of PEEK coatings results in excellent adhesion due to better penetration of the laser beam radiation up to the interface. Once more, inadequate setting of laser operating parameters, such as moderate operating speeds and high-laser energies (71.2 J/ mm 2 ), fails to fully densify PEEK coatings, and pores can still be observed (Fig. 16f) . It must be highlighted that thermal degradation does not occur under these conditions, but polymer melting is incomplete. A relatively low-operating speed during diode and Nd:YAG laser processing is needed, in order to obtain dense polymer coatings with no change in crystallinity using a single pass of laser beam. When it comes to CO 2 laser, three times higher operating speed must be used to obtain the same results.
Summary
The implementation of laser treatments before, during, and after the thermal spray process allows for enhanced coating properties, which can be obtained using new degrees of freedom in the process parameters control. Recent research developments in that field and their potential benefits for the thermal spray industry were reviewed in this article, and several laser case studies were presented in further detail. Laser texturing, for instance, is a promising substrate pretreatment technique aiming to improve coating adhesion by mechanical anchoring and chemical bonding. Integrated (hybrid) laser/plasma spray techniques permit to increase coating/substrate adhesion, to reduce coating residual stresses, to improve coating cohesion, and to modify the microstructure. Coating densification can also be achieved using laser posttreatments. It must be highlighted that in all cases, the characteristics of the laser radiation (wavelength, energy density, pulse duration, etc.) must be optimized depending on each material and application. Lasers potential relies on an exclusive combination of processing advantages, like the wide range of materials that can be treated Journal of Thermal Spray Technology (including water-sensitive and embrittlement-prone materials), the reduced heat-affected area and the low deformation of thin substrates. Other benefits of laser technologies are their low-processing times, high flexibility, precision and low-environmental impact, which could encourage industrial coating manufacturers to implement them at different stages of the thermal spray processes. 
